, respectively. With these superior electrochemical properties, the sodium carboxylate-derived materials could be considered as promising organic electrode materials for large-scale sustainable lithium-ion batteries.
INTRODUCTION
During the past two decades, great successes have been achieved for lithium-ion batteries because of their advantageous comprehensive performance. The rapid development of power battery systems has imposed stricter requirements on the performance of lithium-ion batteries [1] [2] [3] . However, current energy storage systems mainly depend on the substantial use of electrode materials that are far from renewable or sustainable, such as inorganic compounds with rare metals (e.g., Ni, Co and Mn) that originate from limited mineral resources [4] [5] [6] [7] . To meet the requirements for a sustainable development and environmental conservation, it remains a significant challenge to pursue renewable and sustainable electrode materials.
Organic electrode materials can provide reversible redox reactions and can be synthesized from biomass materials, are considered as promising candidates for use in large-scale lithium-ion batteries [8] [9] [10] . In recent years, organic anode and cathode materials have received significant research attention [11] [12] [13] . Some organic compounds [14] [15] [16] [17] with special structures, such as conductive polymers, sulfur and nitrogen compounds, as well as carbonyl conjugated compounds, have been designed, and their energy storage performances and electrochemical reaction mechanisms have been investigated, offering new concepts in this area. Among them, organic carbonyl salts [18] [19] [20] have the advantages of structural diversity, high capacity, and fast redox reaction kinetics due to their large conjugated systems and multiple carbonyl functional groups, which is of broader concern in their roles as emerging electrochemical energy-storage materials.
However, for the organic electrode materials, low conductivity and high solubility in electrolytes are the most critical issues related to their utilization in lithiumion batteries, which results in poor cycling performance. Among the various methods to address these problems, the lithiation of organic molecules is an effective method for inhibiting the dissolution of organic electrode materials in electrolytes [21] [22] [23] [24] [25] , along with doping a large number of conductive agents [26, 27] or using large ring conjugated systems [28] [29] [30] to increase the electrical conductivity. However, in addition to the two important indicators of conductivity and solubility, the storage, sustainability, and cost of electrode materials for lithiumion batteries are also important parameters influencing their application prospects. Renewable biomass materials and their derivatives have been considered as possible alternatives to the traditional non-sustainable inorganic and organic electrode materials [9, 13] . Among them, oxalic acid, citric acid, and tartaric acid are the metabolic products of organisms and are widely distributed in plants, animals, and fungi all over the world, and these materials can be considered as sustainable green organic electrode materials with good application prospects. Therefore, in this manuscript, sodium oxalate (SO), sodium citrate (SC), sodium tartrate (ST) and sodium pyromellitate (SP) (Fig. 1a) were exploited as novel electrode materials, and their electrochemical properties were systematically investigated and analyzed, providing new concepts for the exploration of high-performance, sustainable and low-cost organic green electrode materials.
EXPERIMENTAL SECTION

Materials and methods
The polycarboxylic acid sodium salts and all other reagents were of analytical grade and used directly without any further purification. Scanning electron microscopy (SEM) images were captured using a ZEISS Crossbeam 340 scanning electron microscope. Before the electrochemical performance was tested, all cells were pretreated by discharging them against lithium from their opencircuit voltage (V OC ) to 0.01 V at a current density of 25 mA g −1 and finally charging them against lithium to 3.5 V at the same rate. The electrochemical performance was tested using a 5V/10A type of electrochemical performance tester produced by Shenzhen Neware Electronics Co., Ltd. The capacity was calculated according to the mass of sodium carboxylate-derived materials. Cyclic voltammograms (CVs) were recorded by a Solatron 1260/ 1287 Electrochemical Interface (Solatron Metrology, UK) at a scan rate of 0.1 mV s −1 between 0.01 and 3.0 V. Impedance analyses were also performed under a frequency range from 10 MHz to 0.001 Hz with a vibration voltage of 5 mV using a Solatron 1260/1287 Electrochemical Interface kit.
Preparation of the electrode sheet and battery assembly
The raw materials SO, SC, ST and SP were first dried at 120°C for 24 h to remove the crystalliferous water and then milled and sieved. The obtained small powders were further dried at 120°C for another 48 h under vacuum to obtain the fully dried powder.
The coin cells for the experiment were assembled by a similar method to our published papers [26] [27] [28] . A slurry of 70 wt% (or 60 wt%) electrode sample, 30 wt% (or 40 wt%) conductive carbon black SP and 10 wt% polyvinylidene fluoride (PVDF) was coated onto the copper foil. After drying at 120°C for 4 h and at 60°C overnight under vacuum, the electrode was cut into circular pieces with diameter of 1.2 cm for coin cell testing, and the area mass loading of the electrode was approximately 10 mg cm 
RESULTS AND DISCUSSION
Characterization and stability analysis It is reported that small molecular carbonyl compounds are readily dissolved in electrolyte solvents, resulting in poor cycle stability [31, 32] . However, in present work, the sodium carboxylate-derived materials of SO, SC, ST and SP (Fig. 1a) have very low solubility in organic electrolyte solvents, and this would result in the excellent stability of these salts as electrode materials. The lithium salt or sodium salt of carbonyl compounds is an effective way to enhance the cycle stability [21, 22] . Fig. 1b shows the XRD patterns of SO sample. It can be seen that the strongest peak (2θ=31.6°) corresponds to the characteristic diffraction peak of SO (-111) crystal plane with lattice spacing of 2.9 Å. The second strong peak (2θ=34.4°) corresponds to the characteristic diffraction peak of SO (400) crystal plane with lattice spacing of 2.6 Å, and the third strong peak (2θ=17.0°) is the characteristic diffraction peak of SO (200) crystal plane with lattice spacing of 5.2 Å. These interlamellar spacings are very close to the interlayer spacing of graphite (3.3 Å), which are very suitable for the intercalation and removal of lithium ions, and would be also another important factor in generating capacity contributions.
In order to analyze the thermal stability of the carboxylic acid sodium salts, the thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were carried out. As shown in Fig. 1c, d , all samples are heated from room temperature to 500°C, and the TGA curve coincides well with the DTA curve. It was found that the SO sample has the best thermal stability, and there has never been a decomposition peak. The decomposition peak for the ST, SC and SP samples are at 290, 300 and 190°C, respectively. All the samples display good thermal stability and are suitable for the operating temperature range of electrode materials.
SEM images
The morphology and microstructure of the four polycarboxylic acid sodium materials were investigated by SEM. Fig. 2 shows that the SO powders clearly possess globular morphologies with multilayered microspheres (approximately 1 μm) stacked together to form a cluster of loose, porous structures with different particle sizes of 5-12 μm. In contrast to SO powders, the SC and ST samples present block-like morphologies with multi- layered, disordered, and small particles stacked together to form a cluster of loose, porous structures with various particle sizes of 5-30 μm. The SP sample shows the similar morphology and stacking form as those of SO, which also accumulates as small globular particles to form a cluster of loose, porous structures with different particle sizes of approximately 5-20 μm.
The morphology and microstructure of a compound are closely related to its molecular structure. Fig. 1a shows that the molecular structures of SO and SP are highly symmetrical and that the conjugated structure of their molecules facilitates π-electron interactions to form an orderly arrangement. A molecular structure with high symmetry results in better regularity and a greater probability of forming highly ordered lattices, which can be confirmed by the XRD patterns of SO sample (Fig. 1b) . Therefore, the SO and SP salts have a higher degree of molecular arrangement and crystallinity, explaining why the SO and SP samples show the stacking of regular spherical particles to form a porous structure, as shown in Fig. 2a, d . The SC and ST salts have more alkyl chains in their molecular structure than those in the other salts; less interaction occurs between molecules, and the disorder in their molecular arrangement is greater, explaining why the SC and ST samples exhibit a loose, porous, disordered structure, as shown in Fig. 2b , c.
Cyclic voltammetry curves
The coin cells were assembled using the as-treated polycarboxylic acid sodium salt as the electrode material. CV measurements of the samples with different amounts of conductive agents were performed in the voltage range of 0.01 to 3.5 V with a scan rate of 0.1 mV s −1 , as shown in Fig. 3 . All four polycarboxylic acid sodium electrodes exhibit similar CV curves with similar shapes and areas. There are no obvious redox peaks observed in contrast to traditional metal oxide electrode materials, and all samples show much higher current responses at the lower voltage range of 0.01 to 1.5 V and much lower current responses at the higher voltage range of 1.5 to 3.5 V, indicating that the polycarboxylic acid salts would be based on a special lithium storage mechanism. For carbonyl compounds, the opening and closing of the double bonds of the carbonyl groups [33] will contribute to the capacity of the battery. In addition, as discussed in XRD patterns of Fig. 1b , the samples of polycarboxylic acid salts have the lattice spacing similar to graphite, which are very suitable for the intercalation and removal of lithium ions, and would be also another important factor in generating capacity contributions.
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was carried out to illustrate the mechanism of the lithium storage process. The Nyquist plots of the SO, SC, ST and SP electrodes after three cycles are compared in Fig. 4a, b . Usually, the obtained Nyquist plots reflect the overall response of the electrochemical process of the carbonyl groups reacting with Li + ; these plots primarily consist of a semicircle in the high/medium-frequency range and a straight line in the low-frequency range. The Nyquist plots were fitted using the equivalent circuit, as shown in Fig. 4c , where R 1 reflects the transfer resistance of lithium ions in the electrolyte and the contact resistance of the battery shell, R 2 is the interface resistance caused by the solid electrolyte interface (SEI) film double layer. R 3 is the charge-transfer resistance during the electrochemical reaction process. W 1 represents the Warburg impedance concerning the diffusion of Li + into the bulk electrode and C 1 and C 2 represent the constant phase elements that are used to cancel the measurement error and hysteresis effect [30, 34] .
On the basis of the fitting parameters listed in Table 1 , the R 1 values of all samples are similar because of using the same electrolyte. The R 3 values are 102.7, 78.0, 109.9 and 177.0 Ω for SO, SC, ST and SP, respectively, with a 30 wt% conductive agent and 33.4, 52.2, 52.7 and 59.8 Ω for SO, SC, ST and SP, respectively, with a 40 wt% conductive agent. The R 3 values of the electrodes with the 40 wt% conductive agent are much lower than those of the electrodes with the 30 wt% conductive agent. The same trend can also be observed in the values of W 1 , in which the electrodes with the 40 wt% conductive agent present much lower values of W 1 . These results demonstrate that as the conductive agent amount increases, the interface resistance caused by the charge-transfer resistance (R 3 ) and the diffusion resistance of Li + in the electrode sheet (W 1 ) greatly decreased, which will result in a better electrochemical performance. Fig. 5 show the charging/discharging curves of the four polycarboxylate electrodes at a current density of 50 mA g −1 in the voltage range from 0.01 to 3.5 V. It can be seen that all the discharging curves of the four electrodes display two platforms at approximately 0.01-1.2 V and 1.2-3.5 V, suggesting that a two-step process occurred for the insertion and removal of lithium ions, which can also be demonstrated by the two cathodic peaks discussed in the CV curves (Fig. 3) . The discharge capacities are 188.1, 165.8, 175.8 and 184.7 mA h g −1 for the SO, SC, ST and SP electrodes, respectively, using the 30 wt% conductive agent and 315.6, 259.5, 229.9 and 235.7 mA h g −1 for the SO, SC, ST and SP electrodes, respectively, using the 40 wt% conductive agent. With an increase in the conductive agent amount from 30 wt% to 40 wt%, the conductivity of the electrode increases (Fig. 4 and Table 1 ) and more active sites are excited, resulting in higher charge/discharge capacities.
Charge/discharge performance
Cycling performance
The cycle performance of the four polycarboxylate electrodes using different ratios of conductive agent was investigated by charging/discharging at a current density of 50 mA g −1 in a voltage range from 0.01 to 3.5 V, as shown in Fig. 6 and , respectively, with capacity retentions of 188%, 101%, 162% and 135%, respectively. For the batteries using the 40 wt% conductive agent (Fig. 6b) , the initial discharge capacities are 345.6, 264.9, 232.8 and 256.9 mA h g −1 for SO, SC, ST and SP, respectively. These capacities then decrease slowly, and after 200 cycles, the SO, SC, ST and SP electrodes exhibit excellent capacities For all electrodes, the cause of the transient attenuation of the initial capacity is the formation of an SEI film that consumes part of the irreversible capacity. In addition, because the particle size of carboxylic acid sodium salt is very uneven (see Fig. 2 ), the partial active sites, especially the active sites inside the large particles, are difficult to be fully activated. This phenomenon occurs when the con- tent of conductive agents is not high enough; a lower amount of conductive agent results in the activation of more active sites. During cycling, lithium ions are repeatedly inserted and removed from the interior of the active particles, resulting in the deep exfoliation of carboxylic acid sodium particles and the formation of smaller structural units, thus increasing the active points of lithium insertion. The above analysis can explain why the capacity initially decreases and then increases as the cycle number increases. Fig. 7 shows the charge and discharge curves of the SO and ST electrodes at different cycle numbers. It can be seen that the charge and discharge capacities of the two electrodes increase rapidly with an increase in the cycle number, especially after the 100 cycles, where the capacity increases obviously. After 210 cycles, the discharge capacities of the SO and ST electrodes reached 532.7 and 774.6 mA h g −1 , respectively, which is much higher than . . . . . . . . . . . . . . . . . . . . . . . . . . . ). Although the charge/discharge capacities significantly improved, the voltage platforms and shapes of charge/discharge curves exhibit no obvious change, which indicates that no new species with better electrochemical activity are produced during the charging and discharging processes and the increase in charge/discharge capacity is due to the change in the morphology and structure of the active material itself.
This conclusion can also be seen from the SEM images of the electrode sheets with different cycle numbers. As shown in Fig. 8 , the SEM images of the SO-541 electrode sheet with 200 cycles and the ST-541 electrode sheet with 50 cycles were contrasted with that of electrode sheet without charging and discharging. It can be clearly seen that the size of the active particles before cycling is relatively larger, i.e., approximately 10 μm, while after cycling for 200 times for SO-541 and 50 times for ST-541, large active particles break down into many smaller sizes, forming many cracks and pores, which not only enhance the surface area of the active substance but also greatly increase the transport of the lithium ions. This is the real reason why the electrochemical performance continues to improve as the cycle continues. With the cycling of charge and discharge process, the lithium ions will be embedded and extracted continuously. After a certain number of cycles, the electrolyte and Li ions are embedded into the active material together, resulting in the deep exfoliation of active particles, which may result in the formation of active particles. As a result, the surface area of active compounds increased, and more active sites were exposed, which clearly improved the charge and discharge capacities.
As the number of pores increased, the contribution to the capacity of the battery increased gradually. The capacities after 200 cycles even exceed the theoretical capacities (Table 2 ). In order to obtain more evidence to support this conclusion, we compared the EIS and CV curves with different cycles. As shown in Fig. S1 and Table S1 (see in supplementary information), the R 3 and W 1 values of ST and SP electrodes after 200 cycles became much smaller than that of ST and SP electrodes after three cycles (Fig. S1a and b) , which indicates that the charge-transfer resistance of Li + during the electrochemical reaction process and the diffusion resistance of Li + in the solid electrode keeps decreasing as the cycle goes on. And also, we can see that the area of the CV curves after the 200 cycles are obviously larger than that of electrode without cycling ( Fig. S1c and d) , which indicates that the battery will produce greater capacity as the cycle goes on. These results are in good agreement with the change trend of surface morphology in Fig. 8 , fully verifying the opinions we have speculated.
High amounts (30%-40%) of conductive carbon black were used in the electrode slurry. To understand the contribution of conductive additives on the electrochemical performance of sodium carboxylate salt electrodes, an electrode with a conductive agent (SP/ PVDF=90/10) (without sodium carboxylate salt) was prepared, and the battery was assembled with lithium metal as the counter electrode. The charge/discharge performance was tested and analyzed, as shown in Fig. S2 . The results show that the initial capacity of the battery with conductive agent (SP/PVDF=90/10) (without sodium carboxylate salt) is approximately 158 mA h g −1 , and this value will decline with an increase in the cycle number. If the total contents of the SP conductive agent are 30% and 40%, the capacities produced by the SP conductive agent will be approximately 47.4 and 63.2 mA h g −1 , respectively. The initial and 200 th specific capacities of the sodium carboxylate salt electrodes (see in Table 2 ) contribute to the capacity, but the contribution ratio is not increased. For the sodium carboxylate saltbased electrodes, the main contribution to the capacity comes from the sodium carboxylate salt itself. The conductive agent improves the performance of the battery, and its contribution to the battery capacity is not obvious. The electrode of sodium carboxylate salt plays a leading role in the high capacity of the battery. Fig. 9 presents the rate capabilities of SO, SC, ST, and SP discharging at different current densities from 50 to ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   714 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Compared with the SC, ST and SP electrodes, the SO electrode presented the highest capacity and stability at each current density. For the electrodes with the 30 wt% conductive agent (Fig. 9a) at current densities gradually increasing from 50 to 100, 500, 1,000 and 2,000 mA g , the average discharging capacity of SO still recovered to 173.5 mA h g −1 , which is higher than that of the initial average capacity of 167.5 mA h g −1 at 50 mA g −1 due to the activation of active sites, as discussed previously for the cycling performance. Meanwhile, the discharge capacities of the SC, ST, and SP electrodes are always lower than that of the SO electrode at the same current density. Consequently, the SO electrode material presents the best rate capability, the SC electrode material displays the second-best rate capability, and the ST and SP electrode materials exhibit relatively low rate capacities.
Rate performance
Similar results are also observed for the electrodes with the 40 wt% conductive agent (Fig. 9b) . With current densities increasing from 50 to 100, 500, 1,000 and 2,000 mA g −1 , the average discharging capacities of SO decreased from 293.6 to 269. 4, 213.7, 191 .7 and 157.1 mA h g −1 , respectively. Excellent rate capacities are observed, even when discharging at the high current density of 2,000 mA g . Similarly, when the current density was reduced to 50 mA g , which is also slightly higher than the initial average capacity of 296.3 mA h g −1 at 50 mA g −1 . At a high current density of 2,000 mA g , respectively, indicating that the sodium carboxylate salts exhibited superior rate performance.
Electrochemical mechanism
As discussed in CV curves (Fig. 3) , there are no obvious redox peaks observed in contrast to traditional metal oxide electrode materials, and all samples show much higher current responses at the lower voltage range of 0.01 to 1.5 V and much lower current responses at the higher voltage range of 1.5 to 3.5 V, indicating that the polycarboxylic acid salts would base on a special lithium storage mechanism. For carbonyl compounds, the opening and closing of the double bonds of the carbonyl groups contribute to the capacity of the battery, as illustrated in Fig, 10a . In addition, the samples of polycarboxylic acid salts have the lattice spacing similar to graphite, which are very suitable for the intercalation and removal of lithium ions. In Fig. 10b , the charge-discharge curves have two distinct voltage platforms: 1.3−3.5 V with capacity contribution of 50-70 mA h g −1 and 0.01−1.3 V with capacity contribution of 150-200 mA h g −1 respectively, which can be attributed to the two different charge-discharge mechanisms.
As the cycle proceeds, the shape of the charge and discharge curve does not change significantly, still showing two different voltage platforms (Fig. 7) , but the capacity contributed by each platform has been obviously increased. Especially, in the voltage range of 1.5 to 3.5 V, the increase of capacity is greater, and this is due to the creation of more pore structures that results in much more naked carbonyl active sites. Therefore, we can infer that the capacity originating from the high voltage platform is contributed by the carbonyl group as illustrated in Fig. 10a , while the capacity at the low voltage platform is produced by porous/layered structure as expressed in Fig.   Figure 9 Rate performance of SO, SC, ST and SP with different ratios of conductive agent of (a) 6:3:1 and (b) 5:4:1 at various current densities from 50 to 2,000 mA g Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ARTICLES 10b. This is also consistent with the charge-discharge platform of carbonyl groups reported in the literature [31] .
For the SC and ST electrodes, their molecular structures contain hydroxyl groups, and the proton in the hydroxyl group will combine with lithium ions in the formation stage, resulting in irreversible capacity [28, 29] . As shown in Fig. 10c , the change/duscgarge curves of electrodes for the four carboxylic acid sodium salts have been investigated and analyzed. It can be seen that the coulombic efficiencies for SO, SC, ST and SP are 83.1%, 58.2%, 56.3% and 81.5%, respectively. For the SO and SP electrodes, the irreversible capacity is mainly contributed from the formation of SEI films. While for the salts of SC and ST containing proton hydrogen, in addition to contribution from the formation of the SEI film, the irreversible capacity is also partly produced by the proton hydrogen on the hydroxyl group of the SC and ST molecular structures, and that is why their coulombic efficiencies are much smaller, and their initial discharge capacities of the first cycle are even higher than those of the SO and SP electrodes.
CONCLUSIONS
In summary, four sustainable sodium carboxylate-derived materials (SO, SC, ST and SP) were employed as novel high-performance electrodes for lithium-ion batteries. Due to differences in the symmetry of the molecular structure and intermolecular interactions, the following two different morphologies were formed: a porous structure with good regularity formed by the accumulation of spherical particles (SO, SP) and a porous structure with poor regularity formed by irregularly layered particles. The initial capacity was first attenuated due to the formation of an SEI film, and then the capacity increased as cycling proceeded due to the deep exfoliation of carboxylic acid sodium particles and the formation of smaller structural units, which increased the active points of lithium insertion. As a result, a high reversible capacity, excellent cycling stability and a superior rate cap- ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   716 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ability were observed for the four sodium carboxylatederived materials. The excellent electrochemical properties, as well as the natural abundance and low cost, make sodium carboxylate-derived materials promising low-cost electrode materials for large-scale lithium-ion batteries. The sodium carboxylate-derived materials investigated in this work expand the scope of novel organic sustainable electrode materials with superior electrochemical performance.
